A grain-size-dependent reduction in the room-temperature thermal conductivity of nanocrystalline yttria-stabilized zirconia is reported for the first time. Films were grown by metal-organic chemical vapor deposition with controlled grain sizes from 10 to 100 nm. For grain sizes smaller than approximately 30 nm, a substantial reduction in thermal conductivity was observed, reaching a value of less than one-third the bulk value at the smallest grain sizes measured. The observed behavior is consistent with expectations based on an estimation of the phonon mean-free path in zirconia. © 2000 American Institute of Physics. ͓S0003-6951͑00͒05034-8͔
The efficiency of gas turbine engines is dictated by the maximum sustained operating temperature of their typically Ni-or Co-based alloy turbine rotors. The development of new, higher temperature, high-strength, lightweight alloys is desirable. 1 However, recent studies have concluded that significant near-term progress in increasing turbine engine operating temperatures is more likely to come from the development of improved thermal barrier coatings ͑TBCs͒, typically yttria-stabilized zirconia ͑YSZ͒, than from the design of new alloys. 2 New processing techniques that result in TBC microstructures with lower thermal conductivity could lead either to higher operating temperatures of turbine engines, resulting in greater efficiency, or thinner coatings for the same operating temperature, which would reduce overall weight. Nanocrystalline YSZ coatings are of interest because they offer the possibility of lowering thermal conductivity, and may also provide additional benefits for TBC applications because of the possibility of improved toughness and ductility compared to that of coarser-grained ceramics. 3, 4 The low thermal conductivity of YSZ ͑ϳ2.3 W/mK for high-density, polycrystalline material with a yttria-content of 10 mol. % at 20°C 5 ͒ is due primarily to phonon scattering by vacancies on the material's highly defective oxygen sublattice. 6 The potential for reduced thermal conductivity in nanocrystalline coatings arises from the predicted enhanced phonon scattering due to the presence of numerous closely spaced grain boundaries. For example, Klemens and Gell 6 have theoretically predicted that the room temperature thermal conductivity of 10 nm grain-sized YSZ containing 7 wt. % Y 2 O 3 will be decreased more than 50% compared to 1 m grain-sized YSZ of the same composition. The goal of the present study was to experimentally determine the effect of grain size on the room-temperature thermal conductivity of YSZ, thus contributing to the fundamental understanding of grain-size-dependent phonon scattering processes.
Nanocrystalline YSZ films were grown by metal-organic chemical vapor deposition ͑MOCVD͒ using a low-pressure, horizontal, cold-walled deposition system. Yttrium b-diketonate ͓Y͑thd͒ 3 ͔ and zirconium t-butoxide ͓ZrOC͑CH 3 ͒ 4 ͔ 7 were chosen as precursor materials. Highpurity nitrogen was used as the precursor carrier gas. The precursors were mixed with high-purity oxygen and nitrogen in the quartz deposition chamber, which was maintained at 5 Torr during all growth experiments. Samples were grown on polished polycrystalline ␣-Al 2 O 3 substrates at temperatures of 500-600°C. Typical growth rates were ϳ0.5 m/h, with resulting film thicknesses between 0.5 and 1.2 m ͑measured by Rutherford backscattering spectroscopy͒. Following YSZ film growth, a ϳ300-nm-thick, 25-m-wide Au/Cr heater line was formed on each sample by electron beam evaporation followed by photolithography and wet chemical etching techniques.
Samples were characterized by x-ray diffraction for phase analysis and to estimate the grain size along the direction normal to the film plane. All samples were found to have the cubic fluorite structure, as expected for the compositions produced. Samples produced with substrate temperatures Ͻ550°C were found to be nontextured, while a ͑100͒ texture was observed to develop at higher growth temperatures. Grain sizes were estimated using the Scherrer method. With increasing deposition temperature, the grain size increased smoothly and reproducibly from 10 nm for growth at 500°C to about 100 nm at 600°C, as seen in Fig. 1 .
Film cation composition was determined by x-ray energy dispersive spectroscopy. If all parameters other than the substrate temperature were held constant, the yttrium content in the films was found to decrease with increasing growth temperature. To maintain an approximately constant compo- sition for all films, the Zr bubbler pressure was systematically increased with increasing substrate temperature. This led to a Y 2 O 3 content between 8 and 15 mol. % for all samples used in the thermal conductivity studies. Over this range of compositions, the change in thermal conductivity due to varying oxygen vacancy content is expected to be significantly smaller than the measured variations for different grain-sized samples. Changes in composition were also found to be uncorrelated with grain size, providing confidence that the observed changes were grain-size dependent rather than composition dependent. The 3 method, following Cahill and co-workers, [8] [9] [10] was used to measure thermal conductivity. The method determines the thermal conductivity normal to the plane of the film by measuring the temperature rise of a thin metal line on the surface of the sample in response to an alternating current of frequency . For the present study, 3 data were obtained from samples over the temperature range 20-90°C, with drive frequencies of 10-1000 Hz. The thermal conductivity for both a 13 nm grain-sized YSZ film and an alumina substrate are shown in Fig. 2 . The results indicate that over the narrow measured temperature range, the YSZ thermal conductivity is temperature independent, while the Al 2 O 3 thermal conductivity decreases measurably with increasing temperature. The observed magnitude of this decrease in thermal conductivity of Al 2 O 3 is in good agreement with expectations from literature values for ␣-alumina.
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The measured room temperature thermal conductivity values for YSZ thin films as a function of grain size are shown in Fig. 3 . For all grain sizes larger than 30 nm, the thermal conductivity is approximately constant and ϳ20% smaller than the literature value for bulk YSZ. 5 For smaller grain sizes, the thermal conductivity was observed to decrease rapidly with decreasing grain size, reaching a value of less than one-third the bulk value for the smallest grain-sized samples. While the measured thermal conductivity values are in good agreement with the predictions of Ref. 6 for grain sizes larger than 30 nm, the observed rapid decrease in thermal conductivity for smaller grain sizes was not predicted. At the smallest grain sizes, the observed thermal conductivity values are approximately half the predicted values for the minimum conductivity amorphous limit of YSZ calculated using an Einstein model. 9 This apparent discrepancy could be influenced by porosity in the samples as discussed below.
Only one previously published experimental report of thermal conductivity in nanocrystalline YSZ exists at this time. Raghavan et al. 12 investigated the thermal conductivity of bulk YSZ samples prepared from sintered nanocrystalline powders with grain sizes as small as 30 nm. The interpretation of the results in that study was complicated by the significant grain-size-dependent porosity found in all samples with grain sizes less than 70 nm. In particular, they observed no effect of grain size on thermal conductivity for dense samples, but a significant dependence of the thermal conductivity on varying amounts of porosity for smaller-grained samples. The present results are in good agreement with Ref. 12 in that both studies found no effect of grain size on thermal conductivity for nanocrystalline samples with grain sizes larger than ϳ30 nm. The strong grain-size-dependent effect seen in the present study was observed only for samples with significantly smaller grain sizes than measured in Ref. 12 .
In light of the observations of Raghavan et al. 12 that porosity provides a significant effect on thermal conductivity in nanocrystalline YSZ, it was important to investigate the potential role of porosity on the results of the current study. Two procedures were used to determine whether the density of the YSZ films varied with grain size during processing. In the first, the densities of films were calculated from measured optical refractive index values using the Lorentz-Lorenz law 13 and the known refractive index dependence on composition for fully dense YSZ.
14 Values of 93Ϯ2% of bulk density were found, with no measurable dependence of density on growth temperature.
Nanoindentation studies of mechanical behavior also provided insight into the possible presence of porosity in the YSZ films. As seen in Table I , it was observed that both the elastic modulus and the hardness of nanocrystalline YSZ coatings were smaller than values for bulk YSZ. Similar behavior has been observed previously for nanocrystalline ceramics 15 and metals, 16 and has been shown to correlate with the presence of porosity in samples. The observed reductions in Young's moduli are commensurate with expectations based on ϳ10% porosity, 17 especially if the pores are concentrated on the grain boundaries rather than randomly distributed. The Young's moduli were determined based on contact stiffness during unloading. In order to determine these values, it was necessary to account for the effects of the substrate. 18, 19 While reduced compared to bulk values, the measured modulus and hardness values did not vary significantly with grain size. The importance of this observation is that while the nanoindentation data appear consistent with the presence of some porosity in the YSZ films, the amount of porosity does not appear to vary significantly with grain size. Thus, it is concluded that the variations in thermal conductivity observed in the present study are more likely attributable to changes in grain size than changes in porosity.
A possible explanation for the observed grain size dependence of the thermal conductivity of YSZ can be provided by considering the relationship between the grain size of the samples and the phonon mean-free-path, ph , in single-crystal YSZ. Debye 20 derived the relationship ph ϭ(20*T m *d)/(␥ 2 *T) to describe the temperature dependence of ph , where T m is the absolute melting temperature, d is the lattice constant, and ␥ is the Gruneisen constant. Using this relation, ph for single crystal YSZ is calculated to equal 25 nm at 300 K. It is reasonable to expect that, consistent with the present observations, reductions in thermal conductivity due to phonon scattering by grain boundaries will only become significant for grain sizes smaller than ph .
Since ph is temperature dependent, this explanation predicts that the critical grain size below which the thermal conductivity drops rapidly compared to the bulk conductivity will also depend on temperature. Measurements of the thermal conductivity of nanocrystalline YSZ over a much wider temperature range than that of the present study are in progress to test this hypothesis.
If the observed thermal conductivity behavior is due to a reduction in grain size below the phonon-mean-free path as proposed, a consequence in terms of the potential use of nanocrystalline YSZ for elevated temperature thermal barriers is that the required grain size for a particular reduction in thermal conductivity will decrease with increasing temperature. For example, ph in YSZ at 1525°C is calculated to be only 4 nm. The resistance of the nanocrystalline microstructure to grain growth at high temperatures will also be an important issue when considering potential TBC applications of nanocrystalline YSZ. The onset of rapid grain growth in the YSZ films of the present study was observed to occur at temperatures above approximately 900°C.
In summary, it has been demonstrated that MOCVD processing can produce YSZ films with controlled composition and grain size. A significant reduction in thermal conductivity in these films compared to that of bulk YSZ is observed for grain sizes smaller than the phonon mean-free path. While there is evidence for porosity in the samples produced, the amount of porosity was not observed to vary significantly with grain size. Hence, the observed changes in thermal conductivity are more likely attributable to the effects of grain size than to porosity. These results demonstrate potential benefits of grain refinement to the nanometer scale in TBC applications, but also indicate that extremely small grain sizes will need to be produced and stabilized against grain growth in order to obtain significant thermal property improvements. 
